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INTRODUCTION AND REVIEW OP LITERATURE 
Nature of the Substrate 
General features of bacterial cell walls 
The structure of bacterial cell walls has recently been 
the subject of several excellent reviews (Salton, 1964; Weidel 
and Pelzer, 1964). In all cases thus far investigated, a pep-
tidoglycan has been demonstrated to je responsible for con­
ferring structural rigidity upon bacterial cell walls. The 
glycan portion of the peptidoglycan consists of a poly-N-
acetylhexosamine backbone composed of alternating residues of 
acetylglucosamine (GNAC)* and N-acetylmuramic acid (MNAc)*. 
Some or all of the MNAc carboxyls are attached via amide link­
ages to the peptide portion of the peptide N-terminal L-ala-
nines. In the cases of Staphylococcus aureus (Mandelstam and 
Strominger, 196I), Micrococcus lysodeikticus (Salton and 
Ghuysen, 1959), Micrococcus roseus (Ghuysen, Petit and Munoz, 
1966a), Escherichia coli B (Primosigh et al., 196I), Aerobacter 
cloacae (Schocher, Bailey and Watson, 1962), and probably for 
most cell wall peptidoglycans the peptide moiety is composed 
of remarkably similar tetrapeptide units of L-Ala-D-Glu (or 
i-D-Glu)-L-Lys (or DAP or Orn)-D-Ala*j these units may to 
*The following abbreviations will be used in this disser­
tation: MNAc (N-acetylmuramic acid); GNAc (N-acetylglucosa-
mine). 
Chemical structures of a few interesting 
components of peptidoglycan 
A. beta-D-N-acetylmuramic acid 
B. beta-D-N-acetylglucosamine 
C. Diaminopimelic acid 
D. Isoglutamine 
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varying degrees be cross-linked to each other between the C-
terminal carboxyl of D-Ala and the epsilonamino group of Lys 
or DAP, either directly as in the case of M. lysodeikticus 
and E. coli B, or indirectly via an oligopeptide bridge in 
which additional amino acids may participate (e.g. S. aureus, 
M. roseus). 
The peptidoglycan can thus be visualized as consisting 
of a poly-N-acetylhexosamine backbone along which tetrapep-
tide units are attached. The tetrapeptide units may be cross-
linked to one another so that the cross-linkages occur along 
the same backbone, or between tetrapeptides on neighboring 
backbones, as shown in figure 3. The latter type of cross-
linkage would provide for a three dimensional network, the 
tightness (rigidity) of which would be a function of the ex­
tent of intrapeptide cross-linking. Figure 2 shows examples 
of peptidoglycans found in specific microorganisms. 
The peptidoglycan retains its shape and insolubility as . 
long as both the glycan backbone and the peptide cross-link­
ages remain intact. It is well known that enzymatic hydrolysis 
of the glycan may bring about lysis of whole cells or solubil­
ization of cell walls. 
*Common amino acids will be abbreviated and their se­
quences denoted according to standard accepted usage. 
The following abbreviations are used for less common amino 
acids: DAP (diaminopimelic acid); i-D-Glu (D-isoglutamic 
acid); i-D-Glu (NHg); (D-isoglutamine) 
Figure 2. Structures which have been proposed for 
several types of peptidoglycan isolated 
from cell walls of particular microorganisms 
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Figure 3. Model for peptldoglycan network 
A. Random breaks in the glycan portion of the peptldoglycan 
(for the significance of these random breaks see the dis­
cussion on page 7). 
B. Random breaks in the peptide portion of the peptldoglycan 
(for the significance of these random breaks see the dis­
cussion on page 7). 
C. Area where cross-linking occurs between peptide units along 
the same glycan backbone. 
D. Area with a low degree of peptide substitution on the glycan. 
E. Area where cross-linking occurs between peptide units which 
are substituted onto different glycan backbones, (for sig­
nificance, see discussion on page 2) 
F. Peptide chain containing an extra amino acid. (in all cases 
investigated this has been found to be an extra D-Ala at the 
C-terminal. This extra D-Ala always marks the position where 
a cross-linkage failed to occur. The presence of this extra 
C-terminal D-Ala was among the first lines of evidence which 
implicated the involvement of a transamidation type reaction 
in the biosynthesis of cell wall peptldoglycan intrapeptide 
cross-linkages) 
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The widespread existence of cross-links between cell 
wall peptide units was first suggested by the paucity of 
terminal carboxyl and amino groups in the peptidoglycan of 
S. aureus and many other bacteria (Salton, 196lj Mandelstam 
and Strominger, 1961) and by the isolation of tetrapeptide 
dimers (Ghuysen, 1961; Primosigh et al., I961) from M. 
lysodeikticus and E. coli B. 
Further evidence for ttrè existence of intrapeptide 
cross-links was obtained with the aid of specific "Bridge-
splitting" peptidases discovered within the last decade 
(Salton and Ghuysen, 1959; Mori et al., I96O; Kato et al., 
1962; Pelzer, 1963; Browder et al., 19^5; Ghuysen et al., 
1965a, 1965b). The importance of intrapeptide cross-linkages 
in maintaining cell wall integrity has been well illustrated 
for S. aureus. Enzymatic disruption of the polyglycine 
bridges of its walls causes solubilization without appreciable 
cleavage of any glycosidic linkages (Ghuysen et al., 1964, 
1965a, 1.965b; Kato et al,, 1962) . 
According to recent reports (Martin, 1964a, 1964b; Wise 
and Park, 1965; Tipper and Strominger, 1965;) the penicillin-
induced defect in cell wall peptidoglycan of S. aureus involves 
failure to form the bond at the N-terminus of the polyglycine 
cross-links. The resulting cells are fragile and non-viable. 
In all the investigations cited above, cell walls or 
modified cell walls were used as substrates. However, no cell 
5b 
wall is known which is pure peptidoglycan. For example, 
it is known that peptidoglycan composes 20 percent of S. 
aureus walls, 85 percent of M. lysodeikticus walls, and only 
10-20 percent of cell walls from gram-negative bacteria. In 
gram-positive bacteria such as S. aureus teichoic acids are 
often found (Armstrong, 1958; Armstrong et al., i960, I961). 
These are phosphodiester polymers of ribitol or glycerol 
phosphate which may be substituted by GNAc and ester-linked 
D-Ala. The locus of these substituents has not been clearly 
defined. However, it has been shown that the teichoic acid 
polymer is covalently linked to the peptidoglycan (Ghuysen 
et al., 1965a, 1965b). The nature of this linkage is not 
presently understood, out is known to involve a relatively 
/ 
labile bond. A likely candidate would be a phosphodiester 
linkage between the ribitol phosphate of the teichoic acid 
and one of the hydroxyls of the glycan. 
Various other polysaccharides have also been isolated 
from cell walls: teichuronic acids (l:l polymers of GNAc • 
and a hexuronic acid) have been found in walls of B. subtilis 
(Janczura et al., 1961) and comprise approximately 15 percent 
of M. lysodeikticus walls (Perkins, 1963). In addition, lipids, 
proteins and simple sugars have been found as major constit­
uents in walls of gram-negative bacteria; gram-positive micro­
organisms appear to have little if any of these components in 
their walls. 
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Specific features of Staphylococcus aureus walls 
Although ultimate details of S. aureus cell wall 
structure remain to be elucidated investigations by Ghuysen, 
Strominger, Tipper and their associates suggest that the 
peptidoglycan portion of this cell walls is composed of linear 
polysaccharide chains composed of alternating residues of GNAc 
ahd MNAc. Approximately 55 percent of the MNAc residues are 
0-acetylated on the 6-hydroxyl. In comparison, 0-acetylation 
in M. lysodeikticus is either nil or slight. Attached to all 
(or nearly all) of the 0-lactyl moieties of MNAc are peptide 
chains 90 percent of which are L-Ala-i-D-Glu(NH2)-L-Lys-D-Alaj 
the other 10 percent of which contain an extra D-Ala at the 
C-terminal. In contrast, it is believed that in M. 
lysodeikticus large segments of glycan representing about 55 
percent of the total N-acetylhexosamine residues remain unsub-
stituted by tetrapeptide. In S. aureus, cross-linking between 
peptide units is mediated jy polyglycine bridges between C-
terminal D-Ala and the epsilon-Amino group of L-Lys. The ex­
tent of cross-linking in S. aureus is 90 percent complete. In 
contrast, cross-linking in M. lysodekticus is only 25 percent 
complete. The intact cell wall of S. aureus differs from the 
peptidoglycan in that the former is composed of approximately 
8o percent by weight of teichoic acid. This polymer may be 
removed by treatment with trichloroacetic acid. In contrast, 
walls of M. lysodeikticus and M. roseus contain no teichoic 
acids. 
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Bacteriolytic Enzymes 
Some general considerations 
It is clear that the bacterial peptidoglycan (or wall) 
may be fragmented (solubilized) by three classes of enzymes: 
glycosidases, which split the glycan backbone; acetylmuramyl 
amidases, which split the MNAc-L-Ala bonds linking the glycan 
moiety to the peptide moiety; and endopeptidases, which split 
within the polypeptide network. The primary digestion pro­
ducts may be further acted upon by exo-N-acetylhexosaminidases 
and exopeptidases, both of which split off fragments protruding 
from the peptidoglycan network. Some non-lytic endopeptidases 
and acetylmuramyl amidases are also known which act on 
peptidoglycan fragments. A lytic enzyme system may yield 
digestion products resulting from a combination of several 
classes of enzyme activity. 
In order to solubilize peptidoglycan it may be necessary 
to hydrolyze only a relatively small number of bonds. This 
number will depend upon the tightness of the peptidoglycan 
network and upon the number of random breaks in the glycan and 
peptide portions of the polymer. The extent of these two 
factors may depend not only upon the bacterial origin of the 
peptidoglycan, but also upon the age of the culture from which 
bacterial peptidoglycan was obtained. Furthermore, since 
bacterial cell walls are never pure peptidoglycan, the sensi­
tivity of the walls toward digestion by lytic enzymes may also 
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be affected by other cell wall components. In gram-negative 
bacteria, cell walls are most often composed of several layers. 
Hence, unless the outermost layer were peptidoglycan, such 
walls would not be lysed by bacteriolytic enzymes. An out­
standing example is that of E. coli. The peptidoglycan of 
these walls contains MNAc-GNAc linkages which should be 
susceptible to lysozyme. However, E. coll walls require 
pretreatment with ethylenediaminetetraacetate (EDTA) in order 
to render them susceptible to lysozyme digestion (Repaske, 
1956). It is believed that EDTA acts to remove a nonpep-
tidoglycan component from the cell wall which either 
chemically inhibits lysozyme or physically blocks its access 
to the peptidoglycan layer. 
It has been demonstrated that 0-acetyl groups on the cell 
wall peptidoglycan of certain strains of M. lysodeikticus 
desensitize it against lysozyme digestion (Brumfitt et al., 
1958; Prasad and Litwack, 1965). As expected from the high 
0-acetyl groups ester content of its peptidoglycan, S. aureus 
walls are resistant to lysozyme digestion; removal of the 0-
acetyl groups by milk alkali treatment renders these cell 
walls sensitive to lysozyme. It has been suggested that this 
enzyme, being a rather basic protein, might also be inhibited 
by the teichoic acid component of S. aureus walls; lysozyme 
might form an ionic association with teichoic acid, thereby 
being held away from its peptidoglycan substrate. 
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Glycosidases 
Muramlnldases 
Lysozytne In 1922 Fleming isolated from egg white 
an enzyme to which he gave the name lysozyme. This enzyme had 
the property of lysing cells of M. lysodeikticus and several 
other gram-positive microorganisms (Fleming, 1922). Salton 
demonstrated the lysozyme substrate to be the cell wall it­
self (Salton, 1952). Lysozymes have been found in a number 
of plant and animal sources; however, this this discussion will 
center around egg white lysozyme, the one most extensively 
studied. There is considerable confusion in the literature 
with regard to the name lysozyme. At one time it was often 
assumed that any enzyme which lysed bacterial cell walls did 
so by cleaving linkages identical to those cleaved by egg 
white lysozyme (MNAC-GNAC); hence any enzyme which lysed 
jacteria was called lysozyme. It is now known that several 
enzyme systems which appear to be devoid of muraminidase 
activity will lyse bacteria. In modern terminology, to qualify 
as a lysozyme an enzyme must be shown to possess muraminidase 
activity. In fact Salton has suggested using the name muramin­
idase in place of the old term lysozyme. Jolies defines an 
enzyme as a lysozyme only if in addition to being a muramini­
dase it is basic, has a molecular weight of about 15,000, is 
stable in acidic solution (able to endure heating at 100° at 
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pH 4.5 without losing activity), and can hydrolyze chitin 
(Jolies, 1964). 
Egg white lysozyme is a basic protein with a pi between 
10.5 and 11. The first indication of the chemical specificity 
of lysozyme came from the work of Berger and Weiser, who 
showed crystalline egg white lysozyme capable of hydrolyzing 
chitin, a linear polymer of beta-1, 4-glycosidically-linked-
N-acetylglucosamine, and concluded that lysozyme was a beta-1, 
4-glucosaminidase (Berger and Weiser, 1957). Salton (1952) 
had shown that substances reacting as N-acetylhexosamines were 
released from M. lysodeikticus walls during digestion with 
lysozyme. Salton and his associates were subsequently able to 
isolate disaccharides and tetrasaccharides from lysozyme 
digests of M. lysodeikticus walls. These products contained 
equal amounts of GNAc and MNAc, and yielded muraminitol upon 
borohydride reduction followed by acid hydrolysis (Salton and 
Ghuysen, 1959; Ghuysen, i960). It was therefore concluded 
that egg white lysozyme was also a muraminidase. 
Due to the poorly defined nature of natural substrates 
for lysozyme it was somewhat difficult to characterize the 
exact structural requirements for lysozyme action. Several 
synthetic substrates were tried including beta-phenyl-N-
acetylglucosaminide and beta-phenyl-N-acetylmuraminide. It 
is interesting that both of these were resistant to lysozyme 
action (Yamamoto et al., 1963); possibly a size specificity is 
involved. The simplest substrates known for lysozyme are the 
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trimer of beta-1, 4-GNAc (chitotriose), which is cleaved to 
monomer and dimer (wenzel et al., 196I), and a tetramer, 
obtained from lysozyme digests of M. lysodeikticus walls, 
believed to be the dimer of beta-1, 4-GNAc-MNAc. The latter 
substrate will, for convenience, be referred to in this dis­
cussion as muratetraose, a name consistent with the scheme of 
cell wall component nomenclature suggested by Weidel (1964). 
Sharon (1964) developed a method for isolating large quantities 
of muratetraose for studies on the action pattern of lysozyme. 
One of his more Interesting findings was that lysozyme could 
catalyze transglycosylation involving the transfer of disac-
charide units to some primer, the smallest of which could be 
another disaccharide. Since no free GNAc or MNAc was released 
on muratetraose digestion, it appears that lysozyme does not 
split the beta-1, 4-linkage of GNAc-MNAc, but only that of 
MNAc-GNAc. This is a curious finding in light of the fact 
that lysozyme is able to cleave chitotriose and chitin. 
Perhaps the affinity of lysozyme for MNAc glycosides is so 
much greater than that for GNAc glycosides that GNAc-MNAc 
dimers would be formed before the glucosaminidase activity 
would manifest itself. Ad mentioned earlier, the finding of 
oligomuroses in lysozyme digests of M. lysodeikticus walls 
was taken as evidence for large glycan areas unsubstituted 
by peptide branches within the M. lysodeikticus peptidoglycan. 
In light of the finding that lysozyme catalyzes transglycosyla­
tion, this concept will have to be reinvestigated. Generally, 
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susceptibility to lysozyme digestion follows the gram reaction 
quite closely, gram-positive microorganisms being sensitive. 
In some cases gram-negatives may be lysed after appropriate 
treatment (EDTA, butanol, alkali), as mentioned earlier. The 
pH optimum for lysozyme appears to vary greatly according to 
the substrate used; for M. lysodeikticus it is about 7. 
Streptomyces albus F-1 enzyme The F-1 N-acetyl-
hexosaminidase was isolated from S. albus G and shown to have 
several properties in common with egg white lysozyme (Ghuysen, 
i960), including the ability to liberate di- and tetrasacchar-
ides from walls of M. lysodeikticus, inability to hydrolyze 
beta-phenyl-N-acetylglycosaminides, and the ability to digest 
chitin. It is interesting that the original P-1 preparations 
(Salton and Ghuysen, i960) were able to hydrolyze muratetraose, 
although highly purified P-1 obtained by sucrose gradient 
electrophoresis had lost this property (Dierlckx and Ghuysen, 
1962). This of course, is in contrast to lysozyme. 
32 enzyme from Streptomyces albus G Another 
muraminldase, designated 32 enzyme, was isolated from culture 
filtrates of S. albus G and found to behave quite differently 
from lysozyme and F-1 (Ghuysen et al., 1962; Ghuysen and 
Strominger, 1963)• Unlike lysozyme and P-1, it does not 
liberate oligosaccharides free of peptide substltuents from 
walls of M. lysodeikticus. Unlike lysozyme, it is able to 
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hydrolyze Intact cell walls of S. aureus strain Copenhagen to 
yield soluble peptidoglycan and a teichoic acid peptidoglycan 
complex (Ghuysen and Strominger, 1963). Further treatment of 
the hydrolyzate with S. albus amidase, an enzyme which cleaves 
MNAc-L-Ala linkages, resulted in the formation of high molecu­
lar weight peptides and a mixture of two disaccharides which 
were identified as beta-1, 4-GNAc-MNAc and beta-l, 4-N-
acetylglucosaminyl-N, 0-diacetylmuraminide. 
These data on the digestion of S. aureus and M. 
lysodeikticus walls with 32 enzyme to give disaccharides-contain-
ing fragments with S. aureus and no "free" oligosaccharide with 
M. lysodeikticus may support the suggestion of Sharon (1964) 
that the oligosaccharides liberated from lysozyme digestion of 
M. lysodeikticus walls do not arise from broad areas of unsub-
stituted glycan. It is possible that unlike lysozyme, the 32 
enzyme does not catalize transglycosylation. This problem is 
in need of further investigation. The pH optimum for 32 enzyme 
appears to le about 4.5. Activity is diminished in buffers of 
low ionic strength. 
B enzyme from Chalar&psis Enzyme B isolated from 
Chalaropsls sp. (Hash, 1963) was shown to be a muraminidase 
which cleaves all available glycosidic MNAc-GNAc linkages in 
S. aureus walls (Tipper, Strominger and Ghuysen, 1964). It 
appears to be identical in specificity to the 32 enzyme of 
S. albus with a pH optimum of 4.5 against isolated walls and 
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of 5.6 against whole cells. It differs from lysozyme in its 
ability to lyse walls of S. aureus and in its inability to 
hydrolyze chitin. It differs from 32 enzyme in that its 
activity against cell walls is undiminished by changes in 
buffer concentration over the range of 0.01 to 0.2 M. This 
enzyme possesses a broad lytic spectrum, lysing whole cells 
suspensions of many microorganisms including Staphylococcus 
aureus. Streptococcus faecalis, Corynebacterium diphtheria. 
Bacillus subtillis, Sarcina lutea, and Micrococcus lysodeikticus 
at varying rates. No lysis was observed with suspensions of 
Escherichia coli, Proteus vulgaris. Salmonella typhosa, 
Pseudomonas aeruginosa, Alcaligenes faecalis, Serratis marces-
ens and Mycobacterium smegmatis. It is evident that the lytic 
spectrum- closely parallels the gram reaction; no attempts were 
made to lyse gram-negative microorganisms in the presence of 
chelating agents. 
T-2 phage lysozyme Primosigh et al. (196I), study­
ing the nature of soluble materials released on digestion of E. 
coli B peptidoglycan with T-2 phage lysozyme and egg white lys­
ozyme, concluded that the two enzymes had identical specifici­
ties. Identical action patterns were obtained as shown by 
paper chromatography. Each digestion product spot on the paper 
chromatograms was eluted and analyzed for relative amounts of 
amino acids and amino sugars. Each of the corresponding spots 
found to be identical for the two enzymes. Unfortunately, pH 
optimum, physical characteristics, substrate requirements, and 
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lytic spectra have not been reported for this enzyme. 
Lysozyme from E. coli autolytic complex The 
existence of this enzyme was inferred from the products 
isolated after hydrolysis of E. coli B peptldoglycan by 
E. coli B acetone powder (Pelzer, 1963)• The enzyme has • 
been purified and shown to act upon soluble peptldoglycan 
from E. coli as well as on isolated intact peptldoglycan. 
This enzyme has not been characterized and its exact pH 
optimum is unknown; however, it is known to be inactive at 
pH values much below 7. 
Endo-N-acetylglucosaminidases 
Streptococcal phage muralysin A phage-induced 
lysin was obtained from a phage-infected strain of Streptococcus 
haemolyticus (Barkulis et al., 1964). The enzyme was purified 
5,000-6,000-fold and found to affect cleavage of beta-1, 4-
GNAc-MNAc bonds in streptococcal cell walls. Bacteriolytic 
spectrum and exact substrate requirements have nqt yet been 
reported for this enzyme. However, muralysin was found to 
have a molecular weight about 100,000, was inactivated by 
monovalent cations, and was reversibly inhibited by sulfydryl 
reagents and divalent cations. The pH optimum foe lysis of 
streptococcal walls was shown to be 6.1. 
Glycosidase of lysostaphin An enzyme preparation 
Isolated from cultures of a strain of Staphylococcus designat­
ed as K-6-W1 (Schindler and Schuhardt, 1964) was able to lyse 
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whole cells of $4 strains of Staphylococcus aureus. 
LysostapLin was demonstrated to contain two different types 
of enzymatic activity (Browder et al., 1965), a lytic peptidase 
and a non-lytic N-acetylglucosaminidase. The glycosidase 
appears to split the GNAc-MNAc linkage (Tipper and Strominger, 
1966) as does streptococcal muralysin; however, it differs 
from that enzyme in being non-lytic at least toward 
Staphylococcus aureus. The pH optimum for the glycosidase 
alone has not been determined, but the complete lysostaphin 
system has a pH optimum of 7.5. 
Exo-N-acetylglucosamlnidases 
Hog epididymal beta-1, 4-N-acetylglucosaminidase 
This enzyme, although non-lytic, will act upon solubilized 
peptidoglycan to split off terminal GNAc from the glycan portion 
(Pindley and Levvy, i960). Hence it is useful in determining 
the specificity of bacterial glycosidases. Thus a muraminidase 
will always leave a terminal GNAc-MNAc which will give rise to 
free GNAc upon treatment with this enzyme; an endo-N-acetyl­
glucosaminidase will give a solubilized peptidoglycan which 
will not be acted upon. The pH optimum for this enzyme, deter­
mined against beta-phenyl-GNAc, was shown to be 4 . 2 .  
Exo-N-acetylglucosaminidase from E. coli autolytic 
complex The existence of this enzyme was inferred from the 
action of the E. coli autolytic complex upon structurally de­
fined soluble peptidoglycans from E. coli B (Pelzer, I963). 
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The structural requirements, lytic spectrum and other 
characteristics of this enzyme have not been reported. 
Acetylmuramyl amidases 
^ • Enzymes splitting the MNAc-L-Ala junction between the 
glycan and peptide-portions of the peptidoglycan are also 
known and have proven very useful in the study of bacterial 
peptidoglycan composition. The first of these enzymes to 
be studied was found in the bacteriolytic enzyme system of 
Streptococcus albus G (Ghuysen, Leyh-Bouille and Dierickx, 
1962; Ghuysen and Strominger, 1963). The purified enzyme 
was non-lytic toward cells or isolated cell walls of 
Staphylococcus aureus, B. magatherlum, or M. lysodeikticus, 
but did, however, degrade solubilized Staphylococcus aureus 
peptidoglycan prepared by treating isolated peptidoglycan 
with 32 enzyme or B enzyme from Chalaropsis. Under these 
conditions a sharp pH optimum of 5.2 was found. Amidase 
action was favored by buffers of low ionic strength (below 
0.02 M). 
Amidase activity is also known to exist in the E. coli 
autolytic system (Pelzer, 1963), with a pH optimum above 7; 
it has not been reported whether or not this enzyme is lytic. 
An enzyme system isolated from Cytophaga sp. (Ensign and Wolfe, 
1965) is known to contain amidase activity along with several 
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other types of activity.* This atnidase differs from that of 
Streptococcus albus in being lytic against intact cell walls 
of Staphylococcus aureus (without pretreatment with other 
enzymes). Another amidase has been identified in autolyzates 
of B. subtilis (Young et al., 1964). • Although the pH optimum 
for this system was not determined, the amidase functioned at 
pH 8.5. The lytic spectrum of this enzyme has not been re­
ported, but the enzyme does act upon intact cell walls of 
B. subtilis. 
A bacteriolytic enzyme system isolated from Flavobacterium 
sp. (Kato et al., 1962) and designated as L-11 is known to 
possess amidase activity along with at least one other activity. 
It is not known whether the amidase by itself is lytic, and 
the pH optimum and other characteristics of the amidase have 
not been reported. The pH optimum for the complete L-11 system 
is 6.5, however. 
*D. J. Tipper, (1966); University of Wisconsin, Madison. 
Observations on bacteriolytic enzymes of Cytophaga sp. 
Private Communication. 
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Endopeptldases 
Endopeptldases from Streptococcus albus G Several 
lytic intrapeptide hydrolases* have been isolated from the 
so-called exopeptidase 1 fraction of culture filtrates** of 
Streptococcus albus G by Ghuysen and his collaborators. 
These have rather narrow specificities and have been named 
according to their respective characteristic peptidoglycan 
substrates typified by S. aureus, M. lysodeikticus and M. 
roseus (Ghuysen et al., 1965a, 1965b; Ghuysen et al., 1966a) 
These enzymes all exhibit a pH optimum of about 8.8 against 
the cell walls of their respective substrates. None were 
found to effect lysis of DAP-containing peptidoglycan from 
other microorganisms,. S.A. endopeptidase cleaved D-Ala-Gly 
bonds in S. aureus wall intrapeptide bridges, opening approx­
imately 15-25 percent of these; this enzyme also lysed walls 
of M. roseus, in this case splitting D-Ala-L-Ala bonds of the 
intrapeptide bridges. The M. L. and M. R. endopeptldases 
were shown to split the characteristic D-Ala-L-Lys and 
*Intrapeptlde hydrolase is a term referring to an enzyme 
which splits the so-called bridges of the peptide portion of 
peptidoglycan. All the lytic endopeptldases reported to date 
fall into this class; however, it is possible that endopeptl­
dases will eventually be found the loci of action of which will 
be upon the tetrapeptide substituents themselves. 
**Peptidase 1 and peptidase 2 fractions refer to an early 
stage in the isolation of the many enzymes which have been found 
in culture filtrates of this microorganism. 
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L-Ala-L-Lys linkages found respectively in M. lysodeikticus 
and M. roseus. 
An additional non-lytic S.A. endopeptidase has been 
isolated from the peptidase 2 fraction of the same culture 
filtrates. This enzyme splits Gly-Gly bonds of S. aureus 
left untouched by the lytic S.A. endopeptidase of fraction 1, 
resulting in the opening of at least 50 percent of the avail­
able bridges. The pH optimum for this enzyme is about 8.0. 
This enzyme also acts upon M. roseus walls which have been 
pretreated with S.A. lytic endopeptidase, splitting L-Ala-L-
Ala and L-Ala-L-Thr bonds. The extent of cleavage amounts to 
all L-Ala and L-Thr available in the intrapeptide bridge. 
The lytic and non-lytic S.A. endopeptidases have been named 
S.A. endopeptidase 1 and 2 respectively. The fact that S.A. 
lytic endopeptidase I opens a maximum of 25 percent of S. 
aureus peptidoglycan bridges, whereas the non-lytic -endopep­
tidase 2 opens 50-80 percent of these is a curious phenomenon. 
It may reflect considerations of size specificity, different 
types of polyglycine bridges, or a structural feature of wall 
organization which is not yet understood. 
Lysostaphin As mentioned earlier in the section devot­
ed to endo-N-acetylglucosaminidases, lysostaphin was found to 
contain a non-lytic glycosidase and another activity which was 
lytic. This other activity was found to be a peptidase with a 
rather narrow lytic spectrum, being able to lyse 54 strains of 
Staphylococcus aureus but no other microorganisms tested, includ-
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Ing Gaffkya tetragena, M. lysodelktlcus, Sarclna lutea and 
B. megatherium (Schlndler and Schuhardt, 1964). Action of 
this peptidase upon cell walls of isolated peptidoglycan of 
Staphylococcus aureus liberated both N-terminal Gly and 
N-terminal Ala (Browder et al., 1965). The origin of the 
N-terminal Ala was not determined. An intrapeptide poly-
glycine bridge appears to be a genus-specific characteristic 
of Staphylococcus aureus (Mandelstam and Strominger, 1961; 
Ghuysen et al., 1965b). The limited bacteriolytic spectrum 
of lysostaphin might be due to location of the initial point 
of attack within this bridge (Tipper and Strominger, I966). 
The pH optimum for the lysostaphin system against cell walls 
was found to be 7.5. The enzyme system has a pH above 9 and 
an apparent molecular weight of 30,000. 
Bacteriolytic system from Cytophaga sp. An exoenzyme 
which lyses cells and cell walls of Arthrobacter crystallopo-
ietes was obtained from Cytophaga sp. (Ensign and Wolfe, 1965). 
The enzyme system was purified 6o-fold and found to lyse a 
number of gram positive microorganisms at varying rates; 
Staphylococcus aureus and A. crystallopoietes were most sus­
ceptible, B. megatherium and Sarcina lutea somewhat less so. 
Cells of E. coli were not lysed. The pH optimum for the com­
plete system against cells of A. crystallopoietes was about 
9.0. It is now known that this system is able to cleave 
Gly-Gly and D-Ala-Gly linkages of the Staphylococcus aureus 
intrapeptide bridge (Tipper, Ghuysen and Strominger, 1964). 
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More recently the Gly-g-Lys linkages of the intrapeptide 
bridge have been shown susceptible to cleavage by this system. 
L-11 enzyme from Flavobacterium sp. A staphylolytic 
enzyme system, designated L-11 was isolated from Flavobacter­
ium sp. and found to cleave the intrapeptide polyglycine bridges 
of isolated Staphylococcus aureus cell walls, yielding free Gly 
and Gly-containing peptides (Kato et al., 1962). No appreciable 
reducing groups were released into the hydrolysate. However 
some muramyl amidase activity v;as demonstrated. It has been 
shown very recently that the amidase activity is not exerted 
upon cell walls which have been pretreated at pH 9 for several 
hours at 6o° to remove ester-linked D-Ala.** The pH optimum 
for lysis of Staphylococcus aureus walls was found to be 6.5 
with a broad range from 5.5 to 8.5 over which lysis rates were 
near maximum. Enzyme activity was inhibited by high buffer 
concentration. The L-11 system was found to lyse walls of M 
lysodeikticus, but not those of £. diptherlae and Streptococcus 
pyogenes. Hence the complete L-11 system differs from 
lysostaphin with respect to both bacteriolytic spectrum and 
pH optimum. Similarly, it differs from the Cytophaga intra­
peptide hydrolases at least with respect to pH optimum, and 
probably with respect to the number of detectable activities 
*T. Krulwich, (1966); University of Wisconsin; Madison, 
Wisconsin. Observations on bacteriolytic enzymes of Cytophaga 
sp. Private Communication. 
**K. Kato (1966); University of Wisconsin; Madison, Wiscon­
sin. - Observations on bacteriolytic enzymes of Flavobacterium 
sp. Private Communication. 
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present with the system. It differs from all the S. A. 
endopeptidases at least with respect to pH optimum, and cer­
tainly in the case of S. A. endopeptidase-2 it differs in being 
lytic. It differs from peptidase-1 and peptidase-2 fractions 
of Streptococcus albus separately, or in combination with re­
spect to both lytic activities and pH optimum. 
Endopeptidase from E. coli autolytic complex The E. 
coll autolytic complex appears to contain an activity which 
splits the peptidoglycan intrapeptide D-Ala-meso-DAP linkage 
(Pelzer, 19^3; Weidel and Pelzer, 1964). It is not 
known whether this activity is lytic. As for other enzymes 
in this system, the pH optimum is above 7-
L-3 enzyme from Streptomyces Another enzyme produced 
by a species of Streptomyces was found to be similar in speci­
ficity to the endopeptidase from E. coll, splitting the D-Ala 
meso-DAP Intrapeptide bridges of C. dlphtherlae cell walls 
(Mori et al., i960). (The original reference was unavailable 
to the author of this review) 
Exopeptldases 
Streptococcus albus G exopeptldases The existence of 
several exopeptldases in Streptococcus albus G culture fil­
trates has been Inferred from analysis of the products of 
digestion at pH 8.8 of Ala-ester free wall and soluble pep­
tidoglycan of Staphylococcus aureus strain Copenhagen (Ghuysen 
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et al.J 1965a, 1965b). Certain products of so-called pep-
tidase-1 fraction can be explained only by the existence of 
D-Ala carboxypeptidase and Gly carboxypeptidase activities, 
the former splitting D-Ala-D-Ala linkages and the latter, 
D-Ala-Gly linkages. Peptidase-2 fraction is believed to 
contain L-Ala aminopeptidase and Gly aminopeptidase activities. 
The former splitting L-Ala-i-D-GlufNHg) bonds and the latter 
Gly-€-L-Lys or Gly-Gly linkages. It should be emphasized 
these individual activities have not been isolated nor have 
their individual pH optima been determined. 
E. coli autolytic complex D-Ala carboxypeptidase The 
existence of D-Ala carboxypeptidase has been inferred from 
analysis of the products of digestion of E. Coli B peptidogly-
can with its own autolytic system at pH 7 (Pelzer, 1963). 
The carboxypeptidase was partially purified and upon digestion 
with this preparation, the solubilized peptidoglycan fragment 
GNAc-MNAc-L-Ala-D-Glu-meso-DAP-D-Ala (referred to as C6) 
yielded a product devoid of C-terminal D-Ala (the product 
being referred to as C5) (Pelzer, 1963)• 
Miscellaneous and uncharacterized lytic systems 
Powerful lytic factors are known to exist in cultures 
and/or autolysates of Staphylococcus aureus, B. cereus. 
Streptococcus faecalis and many other microorganisms. 
These have recently been reviewed by Stolp and Starr (1965). 
In fact, the existence of autolytic enzymes has been postulated 
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as necessary for the growth of bacterial cells (Weidel, 1964). 
In examining the nature of a lytic system it is necessary 
to consider the possibility of an Infectious phage, or low 
molecular weight antibiotic. Numerous examples of both 
classes are known. In the work to be described, both of 
these possibilities have been eliminated. 
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MATERIALS AND METHODS 
Isolation of the Bacteriolytic Enzyme-Producing 
Organism 
Isolation of the Pseudomonas species producing the 
enzyme system with which this investigation is concerned has 
been described (Zyskind, Pattee and Lache, 1965). The pro­
cedure used was essentially an enrichment technique fre­
quently applied in seeking out microorganisms capable of 
degrading a given substance. When a microorganism-rich 
source (such as sewage or soil) is cultured on a medium the 
sole carbon source of which is the substance to be degraded, 
only those microorganisms will grow which are capable of 
producing enzymes which degrade the substance in question. 
However, it is also quite possible for a microorganism to 
grow by utilizing atmospheric CO2 or some foreign organic 
matter present in the source from which the bacteria were 
obtained, so it is necessary to subculture the enrichment 
cultures onto some suitable, indicator medium. 
In this investigation an enzyme capable of lysing cells 
of S. aureus was sought. Taking the above factors into con­
sideration, the following procedure was employed; A sample 
of Iowa soil was added to a sterile enrichment medium con­
sisting of basal salts and lyophilized cells of S. aureus 
strain U-9 in distilled water. After incubation at room 
temperature for seven days a loopful was removed and in­
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oculated onto plates of nutrient agar rendered turbid by 
the addition of lyophilized S. aureus cells. After 24 hours 
of incubation, clear zones were observed around several 
bacterial colonies producing a green pigment. When one of 
these colonies was further subcultured in brain heart in­
fusion broth, a highly active staphylolytic substance was 
found to be released into the broth. The bacterium has 
been identified as being a member of the genus Pseudomonas; 
it is a gram-negative rod, is oxidative, has polar flagella, 
and produces a water-soluble green pigment. More recently 
it has been identified as a strain of Pseudomonas aeruginosa 
(M. Burke, I966). 
Maintenance and Growth of Stock Cultures of Pseudomonas and 
S. Aureus 
All cultures used in this study were maintained on brain 
heart infusion agar slants. The slants were streaked and in­
cubated at 37° for I6 hours in loosely capped screw cap culture 
tubes. After incubation, the caps were tightened and the 
cultures stored at 4°. Fresh transfers were made every two 
• / 
weeks. 
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Preparation of Microorganisms for Determination of Bacteriolytic 
Spectrum of Pseudomonas Enzyme System 
Six-day old cultures of microorganisms tested were pro­
vided by Dr. Dennis Pocht of the Iowa State University Depart­
ment of Bacteriology. With the exception of cultures of M. 
roseus strain R-27 and S. aureus strain Copenhagen, which were 
kindly supplied by Drs. J. P. Petit and J. L. Strominger, re­
spectively of the Department of Pharmacology and Toxicology 
of the University of Wisconsin. These cultures were recultured 
on brain heart infusion agar slants and the organisms washed 
from the slants with distilled water and centrifuged at 2,000 x 
g for 15 minutes to harvest them. The cells were further 
washed three times with distilled water prior to use. 
Preparation of the Substrates 
S. aureus cells 
Cells of S. aureus (strains U-9, 655 and Copenhagen) were 
grown at 37° with vigorous shaking on a gyrorotatory shaker 
(New Brunswick Scientific Co., M del G-25) in trypticase-soy 
broth. Under these conditions the cultures were in late log 
or early stationary phase after 6-8 hours, and each liter con­
tained about one gram dry weight of cells. The cells were 
harvested by centrifugation at 8,000 x g for 15 minutes using 
a Sorvall Model SS-2 centrifuge, and washed with ice-cold 
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distilled water until the supernatants appeared clear, which 
usually required three to five washing. Cells to be used 
directly as substrate were stored as a lyophilized powder. 
Cells to be used for the preparation of cell walls were 
stored in the deep freeze without lyophilization. For some 
reason, not clearly understood, lyophilized cells were ex­
tremely difficult to clean. This difference in behavior may 
be related to the high internal osmotic pressure within living 
S. aureus cells, which has been estimated at 2o atmospheres 
(Mitchell and Moyle, 1957). 
8^. aureus walls 
Frozen cells, equivalent to the yield from one liter of 
broth were thawed and brought to about 25 ml with distilled 
water. To the cell suspension were added 25 ml of 0.1 mm. 
glass beads (Glasperlen, B. Braun Apparatbau, Melsungen, 
Germany, Kat # 2883). The mixture was subjected to homogen-
izer (Bronwill Scientific # 2876) employing a 75 ml all glass 
disruption chamber which was cooled with a stream of' compressed 
COg.* Proper cooling was found to be highly critical, the 
temperature of the chamber never being allowed to rise above 
room temperature. Higher temperatures apparently resulted in 
coagulation of cytoplasmic protein which was then virtually 
' *The author is indebted to Dr. A. Thurston of the 
National Animal Disease Laboratory, Ames, Iowa, for his 
advice and assistance in preparing cell walls. 
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impossible to wash out of the broken cell sacculi. Complete­
ness of breakage was monitered turbidimetrically, employing a 
Baush and Lomb Spectronic 20 colorimeter at 535 Complete 
breakage was evidenced by a 90 - 5 percent reduction of tur­
bidity. In general, complete breakage required three oscilla­
tions of two-minute duration with the MSK set for 4,000 c.p.m. 
After MSK disintegration, the "bustate" was subjected to 
centrifugation at 2,000 x g for 10 minutes to remove debris 
and any unbroken cells. The supernatant was then subjected 
to centrifugation at 10,000 x g for 6o minutes to sediment 
the walls which were then washed once with cold (4°) water. 
The cell walls were then placed in a boiling water bath for 15 
minutes in order to inactivate any autolytic enzymes which 
might be present (Mitchell and Moyle, 1957)J operations up 
to this point were carried out in the cold to minimize auto­
lysis, including the centrifugations in a refrigerated Sorvall 
88-2 centrifuge. The walls were next washed with 1 M sodium 
chloride (Salton, 1964) followed by two washings with dis­
tilled water. Residual protein and nucleic acids were re­
moved by treatment with trypsin and ribonuclease (0.5 mg/ml 
of each in 0.05 M sodium phosphate buffer pH 7.0, 10"^ M in 
MgClg) for 4 hours at 37°. The walls were then washed a 
minimum of 10 times with distilled water, each washing in­
volving both sonication (Biosonik sonicator, Bronwill Instru­
ments, Rochester, N.Y.) and a differential centrifugation. 
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Electron micrographs indicated that the use of sonication in 
washing cell walls yielded much cleaner preparations (See 
Plate l). Presumably sonication sets up eddies within the 
broken cell sacculi which sweep out cytoplasmic material rather 
effectively. Cleanliness of the walls was checked by electron 
microscopy, employing phosphotungstic acid negative staining 
according to the method of Brenner and Home (1959).* 
S. aureus alanine ester-free walls 
The presence of labile Ala ester moieties in the teichoic 
acid of S. aureus cell walls may lead to difficulties in in­
terpreting results of digestion of cell walls with lytic 
enzymes. Hence Ala ester groups were removed by mild alkaline 
treatment. A sample of 38.5 mg of walls was suspended in 0.1 
M sodium pyrophosphate buffer at pH 9.2 and sonicated for 30 
seconds in order to suspend them, using a Raytheon Magneto-
stricton Sonicator-lO Kc). The suspension was incubated at 
37° for 4 hours after which time the walls were recovered by 
centrifugation at 11,000 xg for 1 hour, washed twice with 
distilled water. When so prepared, the suspension contained 
10 mg/ml of treated wall. The suspension could be stored in 
*The author is indebted to Dr. A. Ritchie of the National 
Animal Disease Laboratory, Ames, lowaj and to Mrs. M. Cornforth 
of the author's department for obtaining the electron micro­
graphs . 
Plate 1. Electron micrographs of S. aureus strain 
Copenhagen cell walls 
A. Preparation which was not washed with the aid of a 
sonicator. 
B. Preparation which was washed with the aid of a soni­
cator. (note the absence of cytoplasmic material 
within the wall sacculi) 
C. Another, better field view of (B) 
D. Closeup of (B); the wall at the bottom, center, still 
appears to have some attached membrance. Approximately 
1 percent of the walls in this preparation had a simi­
lar appearance. 
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the deep freeze for at least two weeks without any apparent 
alteration of its properties.* Before use frozen suspensions 
were resuspended by sonication. This was because frozen sus­
pensions, after having been thawed, contained clumps of mater­
ial which required resuspension in order for us to obtain 
consistent results in lysis experiments. 
Culture Media for the Production of Lytic Enzyme System 
Several media, including brain heart infusion and trypti-
case-soy broth, were tested for their ability to support pro­
duction of lytic enzyme (Burke, 1966). Best results were 
obtained using a medium of the following composition: 2.0 
percent Bacto Casitone, 0.2 percent yeast extract, 0.92 per­
cent KgHPO^ and 0.2 percent KH2PO4. 
*The author is indebted to Dr. D. J. Tipper of The Univer­
sity of Wisconsin, Department of Pharmocology and Toxicology 
for suggesting the use of Ala ester-free walls, for the above 
procedure and for providing one of the preparations used in 
these experiments. 
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Chromatographic Media 
DEAE-cellulose 
DEAE-cellulose (Bio-Rad) which had an exchange capacity 
of 0.59 m eg/gm was equilibrated with 0.01 M potassium phos­
phate buffer, pH 8.5, 10"^ M in MgClg, and degassed with a 
vacuum aspirator at 4° for two hours. The equilibrated and 
degassed material was stored in the cold (4°) in stoppered 
bottles until ready for packing. 
Carboxymethyl-cellulose 
Carboxymethyl-cellulose (Bio-Rad) which had an exchange 
capacity of 0.67 m eg/gm was equilibrated with a solution of 
10~^ M MgClg, degassed (as with DEAE-cellulose) and stored at 
4° in stoppered bottles until ready for packing. 
Silica gel G plates 
Silica gel G (thin layer grade, CaSO^ binder) was obtained 
from Brinkmann Instrument Co., Westbury, L. I. Thin layer 
plates were prepared in the following manner. Thirty five gm 
of Silica G were vigerously shaken for two minutes with 70 ml 
of distilled water, poured into a Desaga applicator (obtainable 
from Brinkmann Instrument Co., Westbury, L. I.) and spread over 
five 20 X 20 cm glass plates. The plates were activated at 95° 
for 20 minutes. These plates could be stored in the open air 
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for as long as one week before requiring reactivation. 
Determination of Protein Content of Lytic Enzyme 
Preparations 
Whenever specific activities of enzyme fractions were 
determined, the protein content of the fractions was measured 
by a modification of the Polln-Lowry procedure (Lowry et al., 
1951). Bovine serum albumin (Armour) was employed as a 
standard, and hence protein content was expressed In terms 
of BSA Polln equivalents. 
For detecting protein in carboxymethyl-cellulose column 
effluents during lytic enzyme purification, absorbance at 
280my% was employed, using a Beckman DU spectrophotometer with 
cuvettes of 1 cm light path. 
Assay for Caseinase Activity in Lytic Enzyme Preparations 
The procedure used Is a slight modification of the method 
of Northrop and Kunitz (19^7). To 8.0 ml of a 1 percent solu­
tion of Hammarsten casein (Merck) in 0.01 M sodium phosphate 
buffer, prepared as suggested by the above authors and adjusted 
to pH 8.5, was added an amount of enzyme together with enough 
water to give a total volume of 10.0 ml. The mixture was in­
cubated at 25° for 1 hour, after which time a 2.0 ml aliquot 
was withdrawn, added to 3.0 ml of trichloroacetic acid, and 
placed in a boiling water bath for 15 minutes. After cooling 
to room temperature the flocculated, undigested "casein was 
filtered off using Whatman # 1 filter paper and the absor-
bance of the filtrate read at 28o mji using a Becktnan DU 
spectrophotometer and cuvettes of 1 cm light path. Casein 
without enzyme and enzyme without casein were run as con­
trols. One unit of caseinase activity was defined as that 
amount of activity necessary to produce a change in absor-
bance of O.OlO under conditions of this assay. The useful 
range of the assay v;as from 10 to 6o units. 
Assay for Bacteriolytic Activity in Lytic Enzyme Preparations 
Varying amounts of enzyme were incubated at 25° with 
10.0 ml of a suspension of whole cells of S. aureus strain 
655 in O.Ol M sodium phosphate buffer, pH 8.5. The initial 
absorbance of the suspension had been adjusted to read 0.500 
at 535 mu in a cuvette of I8  ^.5 mm light path. It was found 
that the lysis rate of cells after the initial lag period was 
proportional to the amount of enzyme added, between 10 and 
50 units. One lytic unit (L.U.) was defined as that amount 
of activity which under the above conditions gave an initial 
steady lysis rate of 0.001 absorbance units/min (See figure 4.) 
Figure 4. Rate of lysis of whole cells of S. aureus strain 655 
as a function of the amount of iTlpd assayed 
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Determination of Reducing Power Liberated During Lysis of 
Alanine Ester-Free Walls 
The procedure was essentially a micromodification of the 
ferricyanide test (Park and Johnson, 1949), for reducing sugars 
as described by Ashwell (1957). The reagents were unchanged 
except that the H2SO4 concentration of the ferric iron reagent 
Vf a s increased from 0.05 to 0.15 N in order to avoid precipi­
tation of copper complexes of relatively large oligosaccharide 
fragments which may be present in the hydrolyzate. Digests 
of Ala ester-free walls containing reducing power equivalent 
to 1-5 millimicromoles of GNAc were diluted to 100 microliters 
in a 1 ml test tube. Then 100 microliters of a fresh 1:1 
mixture of ferricyanide and carbonate-cyanide reagents were 
added, mixed and placed into a boiling water bath for 15 
minutes. After cooling the mixture to room temperature, 
250 microliters of ferric iron reagent were added. Upon 
addition of this reagent a blue precipitate formed, which how­
ever, was redlssolved by the further addition of 10 micro­
liters of concentrated HgSO^. After standing for I5 minutes 
the samples were read at 690 m|i in microcuvettes of 1 cm light 
path, employing a Zeiss PMQ-II spectrophotometer. GNAc, 
which was a molar absorptivity of 10^, was used as the stand­
ard. Color controls were also run for enzyme, cell walls and 
buffer alone. 
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Determination of N-Terminal Amino Acid Groups Liberated 
During the Digestion of Alanine Ester-Free Walls 
This determination was somewhat modified from an unpub­
lished procedure of 0. H. Lowry as cited by Ghuysen and 
Strominger (1963). Samples of digest containing between 10 
to 50 millimicromole equivalents of amino terminal groups 
were pepetted into 0.5 ml tubes containing 7.75 microliters 
of 10 percent KgB^Oy. Enough water was added to give a 
total volume of 88.6 microliters, followed by 11.8 micro­
liters of PDNB reagent (130 microliters of 2, 4-dinitro-
flourobenzene (PDNB) in 10.0 ml of spectral grade absolute 
ethanol). The reaction mixture was agitated on a vortex 
mixer and immediately placed in a 6o° water bath for 6o 
minutes. Prom this point on all operations were carried 
out so far as possible in the dark (or at least under tungsten 
illumination in place of the flourescent flighting which is 
most usually employed to illuminate a laboratory) to minimize 
photodecomposition of DNP-amino acids. At the end of the 
reaction 50.7 microliters of concentrated HCl were added. 
In addition to the digest, standards were run containing 
known amounts of 1. Gly-L-Lys; 2. a mixture of known 
amounts of Gly, Lys, Ala and Glu; and 3. D-AÎh. The use 
of all these standards will be explained in the following 
sections. 
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Total amino groups 
A sample of 24.1 microliters of reaction mixture was 
diluted with 80.8 microliters of water and the absorbance 
read at 42o«y*using microcuvettes of 1 cm light path and a 
Zeiss PMQ-II spectrophotometer. D-Ala was used as a standard; 
under these conditions DNP derivatives of amino acids have 
molar absorptivities of approximately 5200. 
Specific N-terminal amino groups 
The remaining 127.4 microliters of reaction mixture, 
already 4 N in HCl, were extracted with 3 x 100 microliter 
portions of ether to remove excess dinitrophenol (DNP) and 
unreacted FDNB. Large DNP-peptides would not be extracted 
by this procedure, but DNP-derivatives resulting from the 
enzymatic liberation of free amino acids, and Gly and Ala 
dipeptides would be. Residual ether was removed from the 
aqueous layer by evaporation with gentle agitation at 37°. 
The sample tubes were then sealed and heated for 6 hours at 
95° (the inside of a steam bath was found to be excellent for 
this purpose); the tubes were then broken open and again ex­
tracted with 3 X 100 microliter portions of ether. Both ether 
and aqueous layers were saved for analysis. 
Ether layer The ether layer was taken to dryness by 
evaporation in a 37° water bath with gentle agitation, followed 
by lyophilization in a vacuum dessicator to remove traces of 
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solvent. The residue was then taken up In 39.7 microliters 
of methylethyl ketone (MEK). In order to dissolve the residue 
It was necessary to use a vertex mixer, but the agitation left 
so much of the solution spread out on the walls of the test 
tubes that centrlfuglng them at 2,000 rpm for 5-10 minutes was 
necessary to bring all the solution down to the bottom of the 
tubes. Sufficient sample was spotted on silica G thin-layer 
plates to give approximately 10 mllllmlcromoles of each DNP-
amino acid to be determined. The plates were developed in 
the same direction using a polyzonal procedure employing two 
different solvents. The first solvent, A (n-butanol: 1 percent 
w/v 1:1- upper phase), at room temperature was run half­
way up the plate. After through drying in a stream of air, 
the plates were then developed with a second solvent, B 
(chloroform: methanol: acetic acidj 85:14:1- single phase), 
at 2°, up to three-fourths of the height of the plates. A 
standard mixture containing DNP-derivatives representing 
known amounts of Gly, Lys, Ala and Glu (see page 4o) was also 
run on each plate. 
Aqueous layer The aqueous layer was extracted with 
2 X loo microliter portions of water-saturated n-butanol. 
This extraction left most of the borate salts in the aqueous 
phase and the water-soluble DNP-amino acid derivatives such 
as mono-(- NDP-Lys in the organic layer. The organic layer 
was taken to dryness by lyophllization in a vacuum desiccator 
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over KOH. The residue was then taken, up In 0.05 M NHi^OH and 
spotted on thin-layer plates to give about 10 millimocromoles 
of each DNP-amino acid to be determined in each spot. The 
plates were developed at room temperature in solvent C 
(benzyl alcohol: chloroform; methanol: HgO: conc. NHij^OH; 
30:30:30:6:2), using a single development. The plates were 
thoroughly dried in a forced draft oven at about 4o°. 
€-DNP-Lys, prepared from a known amount of Gly-Lys (standard 
1, page 4o,) was run as a standard. 
Quantitation of DNP-amino acids After drying the 
chromatograms from the ether and aqueous layers, all spots 
were transferred to 1 ml tubes using a suction device, and 
eluted from the gel by mixing vigorously (for ten seconds using 
a vortex mixer) with 2 x lOO microliter portions of O.Ol M 
NHg: methanol (1:1). After centrifugation for 10-15 minutes-
at 2,000 rpm, the supernatants were withdrawn and the absorb-
ance at 3^0 mp*, determined with a Zeiss PMQ-II spectrophoto­
meter in microcuvettes of 1 cm light path.** 
*Although total DNP-amino groups released were determined 
at 420 mja, specific DNP-amino acids were quantitated at 360 mp, 
the wavelength at which DNP-derivatives have their maximum ab-
sorbance. It was preferable to determine total amino groups at 
420 m^ in order to minimize the blank due to excess unreached 
FDNB and dinitrophenol still present. At 420 m/i, PDNB and dini-
trophenol have negligible absorption, whereas DNP-amino acids 
have absorptivities of about 1/3 of their values at 360 nyi. 
**Molar absorptivities are about 15,000 and 25,000 respect­
ively for unhydrolyzed mono and bis DNP-amino acid derivatives. 
These values are reduced 10-20 percent by the hydrolytic pro­
cedure. 
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Determination of C-Terminals Liberated During Digestion 
of Alanine Ester-Free Cell Walls 
Samples of digest containing 10-50 millimicromoles of 
each C-terminal amino acid to be determined were taken to 
"bone-dryness" by lyophilization from 1 ml soft glass test 
tubes, (A vacuum desiccator was used for the lyophilization 
chamber). To each sample were added 4o microliters of redis­
tilled anhydrous hydrazine (Drake, 1944), and the tubes sealed 
immediately. (A Bernzomatic propane torch was found to be 
extremely convenient for this purpose.) The reaction mixtures 
were kept at 95° for 8 hours (Salton, 196I), the tubes were 
then broken open, and excess reagent removed by lyophilization 
in a vacuum desiccator over H2SO4. The residue was taken up 
in loo microliters of water and 30 microliters of redistilled 
benzaldehyde were added. The contents of the tubes were 
thoroughly mixed for 10 seconds at 5 minutes intervals for one 
hour using a vortex mixer. ' The resulting cloudy suspension 
was clarified by centrifugation at 2,000 rpm for 10 minutes, 
and the organic phase (now clearly defined), containing the 
amino acid hydrazides, was removed. The extraction procedure 
was repeated once, leaving free amino acids from the C-terminal 
position in the aqueous phase. A sample of 80 microliters of 
the aqueous phase was then extracted with 2 x 100 microliter 
portions of either to remove residual benzaldehyde. Residual 
ether was removed by gentle agitation at 37° in a water bath. 
46 
The aquious samples were dried by lyophilization in a vacuum 
dessicator. Free amino acids were identified and quantitated 
as their DNP-derivatives as described earlier in this chapter. 
Preservation of Records of Thin Layer Chromatograms 
If required, a contact print of the chromatogram was 
made using reflex document copying paper (portagraph G-9) 
Transcopy, Inc., Newton, N. J. ) and about 10-20 seconds 
of illumination from a short wave ultraviolet lamp (Miner-
alight) . In order to get a representative pyint exposure 
times are most critical. Exposures which are too long result 
in pinpoint spots, whereas exposures which are too short 
result in a blurring of the spots, many spots not showing 
at all. For representative contact points see plate 2. 
Plate 2. Examples of thin layer chromatograms of digests 
of ala ester-free cell walls 
(in this picture we have the chromatograms from 
the N-terrainal determinations of pH 7.0 digests) 
A. ether layer 
N-terminals 
B. aqueous layer 
N-terminals 
1. standards 
2. enzyme IVpdc control 
3. enzyme Illpd control 
4. cell wall control 
5. digest of ala ester-free walls 
by IVpdc 
6. digest of ala ester-free walls 
by Illpd 
1. standard 
2. reagent blank 
3. enzyme IVpdc control 
4. enzyme Illpd control 
5. cell wall control 
all other spaces show digests 
DNPOH 
M«-DNP«Lyf 
ONP-Ala 
DNP-Oly 
DNP-Olu. 
DNP-OH 
UNKNOWN 
C -DNP-Ly* 
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RESULTS AND DISCUSSION 
Purification of the Lytic Enzyme 
Production of the lytic enzyme by Pseudomonas 
Optimal conditions for the production of the lytic enzyme 
system have been described in detail by Burke (1966) who 
showed that: 
a) No lytic activity was released into the culture 
medium during log phase of growth; enzyme release coincided 
with the stationary phase, reaching, a maximum at between 12 
and 16 hours under the conditions used here for enzyme pro­
duction. 
b) A casitone-yeast extract broth (as described on page 
34) was the medium of choice for maximum production of the 
lytic enzyme system. 
Stock cultures of the enzyme producing strain of 
Pseudomonas were transferred to fresh brain heart infusion 
agar slants and grown for 12 hours at 37° in loosely capped 
screw cap culture tubes. A loopful of this growth was in­
oculated into 100 ml of casitone-yeast extract broth. The 
inoculated flasks were shaken on a gyrorotatory shaker for 
l4 hours at 37°, then removed and quickly cooled in an ice 
bath. The cooling was found to be important for maximum 
yield of the lytic enzyme. The cells were removed from the 
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broth by centrifugatlon in a refrigerated centrifuge (4°) 
at 6,800 rptn for 20 minutes. The culture supernate contain­
ing the lytic enzyme system was referred to as Preparation-I. 
From this point on all operations were carried out in the 
cold (o-4°). 
Acetone precipitation of the lytic enzyme system 
To 4 liters of Preparation-I cooled to 0° in the cold 
room were slowly added 3 volumes of acetone which had been 
precooled to 0°. The addition of acetone was accomplished 
over a 2-3 hour period and was done with constant stirring 
so as to minimize local concentration of the acetone. 
(A paper chromatography tank was found to be most useful for 
containing the large volume described) During the addition 
of the acetone, especially after the acetone concentration 
had exceeded 50^, some precipitate was observed to settle out. 
After the total amount of acetone had been added the material 
was allowed to stand an additional hour before syphoning off 
the supernatant with a Tygon hose. A precipitate and an oil 
remained at the bottom of the tank. The precipitate, contain­
ing all the lytic activity, was recovered by centrifugation. 
This precipitate was then taken up in a minimum volume of cold 
sodium phosphate buffer, pH 8.5, 10"^ M in MgCl2, and dialyzed 
against 3x7 liter changes of quartz-distilled water, each 
dialysis lasting 6 hours. The content of the dialysis bag was 
centrifuged to remove any insoluble material and then lyo' 
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philized. The enzyme system at this stage of purification 
was referred to as Hp. 
Fractionation by DEAE-cellulose treatment 
Two gm of Hp were dissolved in 50 ml of water and poured 
rapidly through a 3 x 15 cm. column of DEAE-cellulose (page 35). 
The column was washed through with .'two volumes of distilled 
water. Most of the brown coloration present up to this stage 
remained on the column. The effluent, containing 90 percent 
of the lytic activity, was dialyzed against 2x7 liter por­
tions of quartz-distilled water. The dialyzed, lyophilized 
effluent was referred to as Illpd. When passage of Hp through 
the DEAE column required more than 2 or 3 minutes, considerable 
activity was lost. It was not necessary to pack the DEAE 
column very carefully. The column could be reactivated by 
treatment with 1 M NaCl followed by extensive washing with 
water and rééquilibrâtion with 0.01 M phosphate buffer, pH 8.5. 
Purification by column chromatography on carboxymethyl cellulose 
A 100 mg sample of Illpd was dissolved in 2 ml of 0.04 M 
sodium phosphate buffer, pH 5.9, 10"^ M in MgClg, and applied 
to a carboxymethyl cellulose column (l6 x 1.2 cm., packed at 
2 psi) which had been pre-equilibrated with 10~^ M MgClg (page 
35). The sample was washed onto the column with 2 x 2 ml por­
tions of buffer and chromatography was carried out using a 
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continuous gradient of sodium phosphate buffer, from 0.04 M 
pH 5.9, 10-4 M in MgClg, to 0.1 M, pH 8.9, 10"^ M in MgClg. 
Some crystallization-from the latter buffer indicated that 
the concentration and possibly pH changed during the chroma­
tographic run. A buffer head on the column of 27 cm permitted 
a flow rate beginning at 25 ml/hr and varying from 15 to 36 
ml/hr during the run. 
Fractions of 5 ml were collected with the aid of a Packard 
model # 230 fraction collector, the absorbance at 280Ay4 of each 
fraction being obtained with a Beckman DU spectrophotometer. 
Since no activity could be found in any of the major 280ay\ 
absorbing peaks it was necessary to make qualitative tests on 
every fraction collected; Three drops of a visibly turbid 
suspension of S. aureus cells in 0.01 M sodium phosphate 
buffer, pH 8.5, were placed in each of a battery of 3 ml 
semimicro test tubes. A melting point capillary was dipped 
into a column fraction and then used to stir its corresponding 
cell suspension. These suspensions were then allowed to stand 
at room temperature, turbidity changes being noted visually. 
Lytic activity was found in tubes 23-4o with the bulk concen­
trated between tubes 26 and 33; quantitative assays were then 
run on each active fraction. The elution profile and activity 
profile are shown in figure 6. Fractions 23-28 were then 
pooled, dialyzed against 3x7 liter changes of 10"^ M MgClg, 
lyophilized, and designated as IVpdc. 
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Preparations I, Up, Illpd and IVpdc were each analyzed 
for protein content, lytic activity, and caseinase activity 
as described in the chapter on materials and methods; results 
are tabulated in table 1. The entire purification scheme is 
summarized as a flow diagram in figure 5. 
Figure 5. Purification of the bacteriolytic enzyme system 
culture supernatant 
75^ acetone precipitate 
DEAE cellulose treatment 
carboxymethyl-cellulose 
chromatography 
General Properties of the Lytic Enzyme System 
Experiments reported in this section were performed with 
fractions Illpd and/or IVpdc with the exception of the experi­
ment on the effect of additives upon the stability of the 
enzyme system, as noted. 
1 
Hp 
i 
Illpd 
1 
IVpdc 
Figure 6. Elution profile for purification of Illpd on 
carboxymethyl cellulose 
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Table 1. Purification of Pseudomonas bacteriolytic system 
Total Total Ratio L.U. 
Sample mg mg Total Caselnase mg Extent percent 
(wt.) (Folln BSA) L.U. L.U. Folin BSA Purification Recovery 
equiv. Equiv. 
I — — 32,000 1.28x10^ 1.4 4o 1 loo 
lip 10,000 7,4oo 1.37x10^ 1.4 185 4.6 107 
Illpd -64o 360 2.3x10^ 1.4 64o 16 90 
IVpdc 4o 0.47 9,750 0.013 20,800 520 23 
57 
Optimum pH 
Lysis of whole cells of aureus strain 655 was followed 
turbidimetrlcally as described on page 37 at different pH 
values in 0.01 M sodium phosphate buffer. Assays were per­
formed using l8 lytic units (L.U.) of Illpd. The optimum pH 
for lysis of whole cells by Illpd was found to be approxi­
mately 8.2, as shown in figure ?. 
Lysis of Isolated cell walls of S^. aureus strain Copen­
hagen by IVpdc was followed turbidimetrlcally as follows: 
Cell walls were suspended in 2.9 ml of 0.01 M sodium phos-
li phate buffer, 10 M in MgClg and adjusted to various pH 
values. Each suspension had an initial absorbance at 535/*yi 
of approximately 0.600 with a 1 cm light path in a Beckman DB 
spectrophotometer. Fifty units of IVpdc (200 jUg wt., 2 yig 
Folin BSA equivalents) were added in a volume of 0.1 ml. 
Turbidity decrease was followed with time, and at each pH a 
control identical to the reaction mixture but without enzyme 
was run. Absorbance decreases plotted represent differences 
between control and test samples over the periods of time 
indicated. Figure 8 shows an interesting feature, namely that 
lysis of walls is apparently divided into two kinetic stages: 
a) An initial rapid stage which is linear for about the 
first f hour (or less), during which about 30 percent reduction 
in turbidity occurs; this stage has a pH optimum of about 8.3 
and is illustrated by the plot of 0-& hour. 
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b) A second slower reaction which is linear even after 
several hours and which has a pH optimum of about 7.2; this 
stage is best illustrated by the plot of 2-6 hours. 
It is of further interest that Ala ester-free walls show 
no such division into two stages of lysis. Both at 8.5 and 
7.0 their lysis appears to follow first order kinetics. 
Although this difference in behavior was not extensively 
studied, it might conceivably be related to hydrolysis of 
Ala ester bonds in intact walls which occurs at pH 8 . 5 .  
Heat lability 
Preparations Hp, Illpd, and IVpdc, respectively (200 
units, dissolved in 1.0 ml of sodium phosphate buffer pH 8 . 5  
or 7.0), were iieated at 60° for 10 minutes and in another 
experiment at 100° for 4 minutes. After heat treatment, in 
all cases no trace of bacteriolytic activity was detactable 
by the assay procedure described on page 37. 
Figure 7. Rate of lysis of S. aureus strain 655 whole cells 
by Illpd as a function ofpH 
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Figure 8. Rate of lysis of S. aureus strain Copenhagen 
cell walls by IVpH^c as a function of pH 
a> 
m 
GO 
CD 
A ABSORBANCE 
o 
T 
o e 
> > 
o l\3 
1 1 
m 
ro % I 3J 3J (/) 
O 
o 
o 
63 
Inhibitors, stabilizers and inactivators 
During the earlier stages of this research various sub­
stances were tested for their ability to stabilize solutions 
of the lytic enzyme system. Results obtained were used in 
designing better purification procedures, as well as in de­
signing experiments requiring long periods of incubation. 
In one experiment 200 units of preparation Hp were 
incubated in a total of 10.0 ml of 0.01 M Tris buffer, pH 8.5, 
for varying lengths of time at 30° and in the presence of 
additives indicated in figure 9 at concentrations of 0.001 M 
for salts, O.OIM for EDTA, O.Ol percent for mercaptoethanol 
(ETSH) and 0.01 percent for BSA. Phosphate buffer was also 
used in place of Tris and without any additives. At the 
Indicated times, 1.0 ml aliquots were withdrawn and assayed 
for bacteriolytic activity. 
Figure 9. Effect of various additives on the bacteriolytic 
activity of Hp at pH 8.5 and 250 
in O.Ol M tris • 
in 0.01 M PO4 o 
A. MgCl2 0.001 M 
B. PO4 buffer only 
G. BSA 0.01 percent 
D. CaClg 0.001 M 
E. EDTA 0.01 M 
P. Tris only (control) 
G. MnClg 0.001 M 
H. ZnCl2 0.001 M 
I. Mercaptoethanol 0.01 percent 
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Figure 10. Effect of MgClg at 25° on the stability of Illpd 
Five tng of Illpd (lOOO L.U.) were incubated at 25° in 3.0 
ml of HgO, and also in 3.3 x 10-4 M MgClg. Assays were run 
at various times using 0.1 ml to test for bacteriolytic activity. 
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Several observations in figure 9 are worthy of note: 
a) Meroaptoethanol, a substance known to stabilize so-called 
SH-enzymes, Including a whole class of peptidases (Pruton, 
i960) either destroys, or is certainly a most potent inhibitor 
of lytic activity. 
—b) Activity is inhibited and lost very rapidly in enzyme 
solutions which contain Mn^^ and Zn^^. The divalent cations 
Ca*2 and Mg"*"^ are inhibitory to a lesser extent; however, 
these cations, especially Mg"*"^ appear to exert a stabilizing 
influence on the lytic activity. A subsequent experiment, 
shown in figure 10, demonstrates the greatly stabilizes 
the lytic activity in the purer enzyme preparation, Illpd. 
Moreover, solutions of Illpd containing 1,000 L.U./ml exhibit 
no detectable loss in activity when stored in lo"^ M MgClg 
for one week in the deep freeze. 
c) EDTA seems to potentiate lytic activity initially. 
Potentiation may be due to the removal of traces of divalent 
cations, but this phenomenon has not been further studied. 
d) The presence of BSA results in both slight initial 
potentiation and subsequent stabilization of lytic activity. 
Several explanations for this phenomenon are possible. It 
is not unlikely that BSA competes with lytic enzyme as a 
substrate for the caseinase proteolytic activity present in 
Hp. It is also possible that BSA acts as a ligand exchanger, 
exchanging bound water fordivalent cations, thereby removing 
traces which might have been present. This phenomenon was 
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not further investigated. 
e) Lytic activity appears to be far more stable in phos­
phate buffer than in Tris. Other experiments not illustrated 
indicate that lytic activity is, likewise, much less stable 
in ammonium acetate and veronal acetate buffers than in phos­
phate. It would have been preferable to run pH-activity or 
pH-stability studies in veronal acetate buffer because of 
its wide buffering range (Michaelis, 1931); however, experi­
ments requiring long incubation times could not be run in 
veronal acetate. Tris, or acetate buffers because of the 
instability of the lytic system in these media. Hence phos­
phate buffer containing Mg*^ was used in all subsequent 
studies involving long Incubation periods. 
Influence of buffer concentration 
The effect of phosphate buffer concentration on lysis 
of S. aureus strain Copenhagen whole cells at pH 8.5 by IVpdc 
was studied. Lytic activity was measured as usual, but in 
buffers of different concentrations all of which were 10"^ M 
in MgClg. The LYTIC UNIT referred to in these results (L.U.)" 
was defined as that amount of activity resulting in a decrease 
in turbidity of O.OOl absorbance units per minute at any de­
signated concentration of buffer. (See figure 11) 
Figure 11. Effect of buffer concentration on lysis of S. aureus 
strain Copenhagen whole cells at pH 8.5 by rVpcTcT 
X" 
-X-—-x-
400-
w 
ë 
s (T 
O 
m 
CD 
< 
.200 
X .04 M 
O .0 2M 
• .OIM 
» 
20 
X 
.02 .04 
CONC. OF BUFFER 
M 
! 
40 
TIME IMIN.) 60 80 
72 
The effect of phosphate buffer concentration on lysis 
of isolated S. aureus strain Copenhagen walls at pH 8.5 by 
IVpdc was also studied. Seventy-five units of rVpdc were 
added to a suspension of cell walls (suspended by sonication 
to avoid" clumping) in a total of 3.0 ml of sodium phosphate 
buffer, pH 8.5, 10~^ M in MgClg, and incubated at 25°. 
Turbidity readings were taken periodically using cuvettes of 
1 cm light path and a Beckman model DB spectrophotometer set 
at 535 (See figure 12) 
It is evident that high buffer concentrations tend to 
inhibit lysis of both cells and cell walls. Similar phenomenon 
have been observed with other bacteriolytic enzyme systems as 
mentioned in the literature review chapter, but apparently 
have not been investigated. For example, it is not known 
whether the primary effect of inhibition involves interaction 
with the enzyme, with the substrate, or with both. 
Figure 12. Effect of buffer concentration on lysis of S. aureus 
strain Copenhagen walls at pH 8.5 by IVpdc 
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Specificity of the Lytic Enzyme System 
Bacteriolytic spectra of preparations Hp and IVpdc 
Washed cells of the various microorganisms tested were 
prepared as described on page 28. Enough cells were added 
to 10 ml of sodium acetate buffer, pH 8.5, to give an ini­
tial absorbance of 0.500. Then 24o units of Hp were added 
and turbidity changes followed exactly as in the standard 
measurement of bacteriolytic activity against S. aureus 
(See page 37). Results are shown in table 2. 
Several bacteria were also tested for their susceptibility 
to lysis by the purified enzyme preparation IVpdc. Conditions 
were identical to those above except that 0.01 M sodium phos­
phate buffer was used in place of sodium acetate. Results 
are shown in table 3. 
Table 2. Bacteriolytic spectrum of Pseudomonas lytic enzyme 
system Hp 
Substrate/time (hours) 0 1/2 12 3 
Staphylococcus aureus C12 .63 .025 
It tr ¥26 .74 .025 
It It 655 .54 .018 
It tt 73 .53 .030 
It ti 75 i59 .020 
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Table 2. (Continued) 
Substrate/time (hours) 0 1/2 1 2 3 
Staphylococcus aureus 83 
" " NI35 
" " 44A 
" " U9 
" roseus 
A.T.C.C. 4l8 
Streptococcus faccalis 
" bovis 751 
" • " 4l8 
" " 9809 
" durans 658 
" " 1012 
" faciutn 467 
" pyogenes 624 
" agalactiae 13813 
" mitis 903 
" durans 12753 
" lactis 7962 
Micrococcus luteus 19a 
" lysodeikticus 
A.T.C.C. 4698 
.74 .028 
.69 .028 
.61 .035 
.66 .022 
.53 .018 
No lysis observed with strains: 
236, 466, 457, 470, 291, 451, 
452, and 4200 
No lysis observed 
No lysis observed 
.53 .47 - .29 
No lysis observed 
No lysis observed 
No lysis observed 
.52 .43 - .25 
.52 .43 - .25 
.41 .28 - .08 
No lysis observed 
.53 .50 _ .39 
No lysis observed 
.51 .32 - .12 
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Table 2. (Continued) 
Substrate/time (hours) 0 1/2 
Gaffkya tetragena 
A.T.C.C. 10875 
Sarcina lutea 
A.T.C.C. 272 
Leuconostoc mesenteroides 
A.T.C.C. 12291 
" citrovorum 
Bacillus subtilis 2501 
" megatherium KM 
" cereus T 
Lactobacillus easel 
A.T.C.C. 334 
acidophilus 
A.T.C.C. 4356 
Pseudomonas aeruginosa 2P4o 
(bovine) 
" aeruginosa 
A.T.C.C. 10145 
Aeromonas llqulfacelns 
A.T.C.C. 14715 
Achromobacter viscosis 
A.T.C.C. 12448 
Aerobacter aerogenes 
A.T.C.C. 13048 
Escherichia coll 
ATTTC.C. 11775 
.55 .045 
.48 .19 
No lysis observed 
No lysis observed 
No lysis observed 
No lysis observed 
No lysis observed 
No lysis observed 
No lysis observed 
.73 .59 
No lysis observed 
No lysis observed 
No lysis observed 
No lysis observed 
No lysis observed 
08 
.17 
coll B No lysis observed 
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Table 2. (Continued) 
Substràte/time (hours) 0 1/2 12 3 
Erwinia caratovora 
A.T.C.C. 495 
No lysis observed 
Proteus vulgaris 
A.T.C.C. 13315 
No lysis observed 
Shigella boydii 
A.T.C.C. 9207 
No lysis observed 
Salmonella cholarasuis 
A.T.C.C. 13312 
No lysis observed 
Serratia kilenensis 
A.T.C.C. 0101 
No lysis observed 
" marcesens 
(lab. strain) 
No lysis observed 
As indicated in table 2, the crude enzyme preparation 
Hp catalyzed rapid lysis of all strains of.Staphylococcus 
aureus tested, and in addition catalyzed rapid lysis of 
Staphylococcus roseus, Gaffkya tetragena and Sarcina lutea. 
Micrococcus roseus and several strains of streptococci were 
also lysed, but at far slower rates. 
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Table 3. Bacteriolytic spectrum of Pseudomonas lytic 
enzyme system IVpdc 
Substrate/time (hours) 0 1/2 12 3 
Staphylococcus aureus 655 .500 .030 
" " Copenhagen .500 .045 
" roseus .48o .4oo .330 .252 .075 
A.T.C.C. 4l8 
Micrococcus lysodeikticus .410 .325 .270 .220 .090 
(lab. strainj 
" roseus R27 .445 - - .390 .300 
Gaffkya tetragena .540 .68o .6oo .500 .l4o 
A.T.C.C. 10875 
Sarclna lutea .520 .535 .535 .530 .520 
A.T.C.C. 272 
Since purification had been followed by assays for 
staphylolytic activity and caseinase activity alone, it was 
desirable to repeat parts of this experiment with the most 
highly purified preparation. It can be seen from table 3 
that with IVpdc, Staphylococcus aureus was still rapidly 
lysed, but lysis rates for Staphylococcus roseus and Gaffkya 
tetragena had slowed down to that observed for Micrococcus 
lysodeikticus, which had not been changed as a result of 
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purification. Sarcina lutea, which had previously been 
rapidly lyaed, was now found to be completely resistant to 
lysis. 
In the following section it will be demonstrated that 
the main lytic activity of IVpdc involves cleavage of intra-
peptide polyglycine bridges. Such polyglycine bridges have 
been postulated to be a genus-specific characteristic of 
Staphylococci (Mandelstam and Strominger, 196I). If this 
assumption.is correct then the narrow lytic spectrum of IVpdc 
may be taken as some indication that IVpdc acts mainly by 
cleaving polyglycine bridges. It was thus of interest to 
determine whether the Ala^-Thr bridges of Micrococcus roseus 
strain R2J were susceptible to lysis. As shovm in table 3 
the lysis rate of this organism is extremely slow. Lysis of 
cell walls prepared from the strain of Micrococcus roseus 
was also attempted, but again after 36 hours only 33 percent 
reduction in turbidity was observed. 
Bonds split during lysis of alanine ester-free cell walls 
of Staphylococcus aureus 
General considerations In the following experiments, 
enzyme concentration and pH values at which the digestions 
8l 
were carried out have both been purposely varied. Moreover, 
digestions were carried out using both preparations Illpd 
and IVpdc. The experimental conditions were varied for several 
reasons, as explained below; 
a) Since it appeared that the lytic enzyme system might 
possess two pH optima (see figure 8) for the digestion of cell 
walls (one being at 7.2 and the other at 8.5), it was of 
interest to determine if these optima reflected different 
action patterns. Hence digests were run at both pH 7.0 and 
8.5. 
b) In order to determine the type(s) of enzymatic activity 
responsible for cell wall lysis an attempt was made to corre­
late rate of turbidity decrease with the appearance of liber­
ated functional groups (amino and/or reducing groups). This 
kind of experiment was carried out at relatively low enzyme 
concentrations. On the other hand, to look for minor enzymatic 
activities it was necessary to work with relatively high enzyme 
concentrations. 
c) During purification of the lytic enzyme system approx­
imately 3/4 of the total lytic activity had been lost in the 
preparation of IVpdc from Illpd. Hence it was important to 
compare action patterns of these two preparations in order to 
determine if certain activities had been removed from the 
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lytic system. 
d) It was first assumed on the basis of unpublished 
data of D. J. Tipper and later confirmed in this laboratory 
that Ala ester-free cell walls of S. aureus contain 0.47 
millimicromoles/mg of Lys. There appears to be only one Lys 
residue per repeating unit of cell wall peptidoglycan 
(Mandelstam and Strominger, 1961). Hence it follows that 
there are 0.47 millimicromoles of unit peptidoglycan per mg 
of Ala ester-free cell wall of S^. aureus. If we refer to 
liberation of amino, carboxyl, or reducing groups in terms of 
groups released per Lys residue we then have a significant 
and reproducible way of examining data obtained undgr different 
digestion conditions, and of comparing results with data from 
other laboratories where other lytic enzyme systems have been 
studied, 
e) In analyzing such data, minimal values must__be estab­
lished above which one will consider liberation of reducing 
groups oramino groups to be significant; i.e. significant 
here means due to enzymatic breakdown rather than to a non­
specific solubilization. On the basis of several published 
papers it would be reasonable to conclude that for reducing 
groups, release of anything less than 0.1 GNAc reducing 
equivalents per structural unit of peptidoglycan of Ala ester-
free cell wall should be considered insignificant. Release 
of between 0.1 and 0.2 reducing equivalents could be consid­
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ered a borderline case (Tipper, Strominger and Ghuysen, 1964; 
Ghuysen et al., 1965b; Browder et al., I965). This figure 
was arrived at by determining the amount of reducing power 
released after solubilization of cell walls (or treated walls) 
with highly purified peptidases completely free of glycosidase 
activity. 
Analysis of total free amino groups liberated during 
solubilization of S. aureus cell walls with Chalaropsis B 
enzyme (a highly purified glycosidase free of peptidase 
activity) and isolation of the teichoic acid free peptidoglycan 
indicate that any amount of amino groups less than about 0.l4 
units liberated per structural unit could be considered in­
significant, being due of course to non-specific solubili­
zation (Ghuysen et al., 1965a). Since the ester linked Ala 
is attached to the teichoic acid portion of the Intact cell 
wall, the value of 0.l4 free amino groups per peptidoglycan 
structural unit should hold for either Isolated peptidoglycan 
or the Ala ester-free cell walls. 
Analysis of specific free N-terminal groups obtained" 
during solubilization of S. aureus cell walls with pure B 
enzyme from Chalaropsis indicated that solubilized peptido­
glycan which had not been acted upon by any peptidase con­
tained per structural unit: 0.04 N-terminal, Gly 0.07 N-ter­
minal Ala, 0.0256-N-termlnal Lys, and no N-terminal Glu. 
Hence liberation of any of these N-termlnals in amounts smaller 
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than the aforementioned should not be considered significant 
(Ghuysen et al., 1965b). 
Data on specific free C-terniinals found In solublllzed 
peptidoglycan are, to the author's knowledge, unavailable. 
Digestion of alanine ester-free cell walls and analysis 
of the products of digestion A sample of 5.51 mg of Ala 
ester-free cell walls was suspended in 0.01 M sodium phos­
phate buffer, 10~^ M in MgClg." Enzyme was added to make the 
final concentration 26.8 to 273 L.U./ml as Indicated for each 
experiment.* Final volume of the digestion mixture was about 
2.1 ml. All digests were incubated in a 25° water bath. At 
the indicated times 204-mlcrollter aliquots were withdrawn 
and added to 784 microliters of water in 3-ml test tubes. 
The diluted digests were placed immediately in a boiling water 
bath for 4 minutes to destroy lytic activity, cooled to room 
temperature, and the turbidities determined at 535 in a 
Zeiss PMQ II spectrophotometer using cuvettes of 1 cm light 
path. Each sample of diluted digest was then centrifuged and 
the supernatants saV'Çd for determination of solublllzed reduc­
ing power, total solublllzed free amino groups, and specific 
C-terminal and N-termlnal amino acids. 
*In a typical experiment the digestion mixture was made 
up as.follows: 
Ala ester-free wall suspension (lOmg/ml) - 551-2 micro­
liters . 
M/lO sodium phosphate buffer - 2o4.5 microliters. 
M/lOO MgClg - 18.6 microliters. 
Enzyme solution - 784 microliters. 
HgO - 551.2 microliters. 
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For determination of total solubilized reducing power, 
14.8 microliters of diluted digest were used; this amount 
represented 5-5 millimicromole equivalents of Lys residues.* 
For the determination of total solubilized amino groups 
together with^specific N-terminals liberated, 80.8 microliters 
of diluted digest were used; this amount represented 30.2 
« 
millimicromole equivalents of Lys residues. 
For the determination of liberated C-terminal groups, 
107.5 microliters of diluted digest were used; this amount 
represented 39-8 millimicromole equivalents of Lys residues. 
Results of these analysis are shown in table 4 and in 
figures 13-17• Each value in the tables has been corrected 
for an appropriate reagent blank, cell wall control and enzyme 
control. 
*"Equivalents of Lys residues" is a convenient way of 
expressing "equivalents of Ala ester-free S. aureus strain 
Copenhagen cell wall structural units" 
Figure 13. Digestion of ala ester-free,S. aureus strain Copenhagen 
walls by Illpd a t pH 8 . 5  
X - percent decrease in initial turbidity 
# - amino groups liberated per lys residue of peptldoglycan 
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Figure l4. Digestion of ala ester-free S. aureus strain Copenhagen 
walls by IVpdc at pH 8.5 j 
X - percent decrease in initial turbidity 
# - amino groups liberated per lys residue of peptidoglycan 
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Figure 15. Digestion of ala ester-free S. aureus strain 
Copenhagen walls by Illpd at pH a.2 
X - percent decrease in initial turbidity 
# - amino groups liberated per lys residue, of. 
peptidoglycan 
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Figure l6. Digestion of ala ester-free S. aureus strain Copenhagen 
walls by Illpd at pH 7.0 
X - percent decrease in initial turbidity 
# - amino groups liberated per lys residue of peptidoglycan 
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Figure 17. Digestion of ala ester-free S. aureus strain 
Copenhagen walls by IVpdc at pH 7.0 
X - percent decrease in initial turbidity 
# - amino groups liberated per lys residue of 
peptidoglycan 
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Table 4. Release of functional groups during digestion of Ala ester-free S, A. 
I walls by Pseudomonas lytic enzyme 
Enz. conc. Gly Ala 
Sample pH Time Turb. L.U./ml R.P./ Total Gly Ala Gly COOh/ COOh/ Gly 
% Digest Lys NHg/Lys NH^/Lys NHg/Lys % Lys Lys % 
Illpd 8.5 \ — 103 — — — — — — — — 
1 45 -- -- .142 .29 -- -- --
2 21 — — .4l3 .66 — — ,68 «30 TO 
4 5.5 -- .10 .605 1.06 -- --l.o4 .41 72 
8 — — —— — — — — — — — — ——l,4o .64 69 
22 2.5 -- — 1.01 1.54 — -- -- — 
44 2.6 -- -- 1.00 1.02 -- -- --
IVpdc 8.5 1 89 97 -- 0 .17 -- -- — 
2 76 — — .o43 — — — — — — —— 
4 — — .10 .246 — — — .42 .13 .76 
8 35 — — — . 61 — -- -- — — 
22 9 — .075 .595 1.04 — — .76 .35 .68 
44 4 -- — .760 1.08 -- -- .95 .41 .70 
IVpdc 7.2 .05 59 273 0 .49 .65 total -- 0 .118 0 
Ala+Gly 
NH G/LYS 
vo 
o\ 
Table 4. (Continued) 
Enz. conc. 
Sample pH Time Turb. L.U./ml R.P./ Total Gly Ala Gly Ala 
io Digest Lys NH^/Lys NH^/Lys NHg/Lys Gly COOH/ COOH/ Gly 
% Lys Lys % 
4 2.0 -- .05 1.46 l.l4 total -- .585 .344 63 
Ala+Gly 
NHg/Lys 
8 0.25 — .25 1.81 1.47 " 
caBo^ 
17 — -- .19 1.73 -- " by insp.4lo .288 59 
Illpd 7.0 0 -- 26.8 -- .085 
1 49.6 — — .085 — — — — — — 
3 35.0 — — .098 
6 27 -- .031 .454 
12 3.3 -- -- .460 .254 .118 68 .248 .037 88 
IVpdc 7.0 0 — 182 — .l46 — — — — — — 
1 30.6 — — .216 — — — — — — 
3, 3.3 — — .563 .331 .208 62 
6 1 0 .696 .610 .208 74 .4o4 .073 84 
12 1 — -- .685 .617 .208 75 .273 .051 85 
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Inspection of the data from the digestion of Ala ester-
free walls reveals the following: 
In all experiments a 50 percent decrease in turbidity was 
achieved with only 0.2 amino groups liberated per Lys residue. 
In all cases turbidity decrease was accompanied by a 
parallel rise in liberated amino groups which continued even 
after complete solubilization of the substrate. The final 
number of amino groups liberated per Lys seemed to vary greatly 
with each experiment. The reason for this variation was not 
investigated. 
Both N-terminal Gly and N-terminal Ala were liberated at 
pH 7.0 by enzyme preparations Illpd or IVpdc, with approxi­
mately 70 percent being Gly. Under the same conditions, both 
C-terminal Gly and C-terminal Ala were liberated. Approxi­
mately 85 percent of the liberated C-terminals could be un­
accounted for as Gly. The amount of C-terminal Ala detected 
was, in fact, low enough to be explained in terms of non­
specific solubilization of peptidoglycan. 
N.-terminal Gly (and probably N-terminal Ala) were liber­
ated at pH 8.5 by enzyme preparations Illpd or IVpdc. Unfor­
tunately, the N-terminal Ala was not looked for in these 
experiments. It was shown, however, that at pH 8.2 with Illpd 
both N-terminal Gly and Ala were liberated, 20 percent of 
which was Ala. Digestion at pH 8.5 was also accompanied by 
liberation of C-terminal Gly and C-terminal Ala. Both with 
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Illpd and IVpdc, 70 percent of the G-terminals could be 
accounted for as Gly. 
Apart from Gly and Ala, no G-terminal or N-terminal 
amino acids were detected in the digests studied. Moreover, 
no significant amounts of reducing power were liberated ex­
cept possibly in the one experiment at pH 8.2 where a rather 
high concentration of Illpdc was used. 
General Discussion 
Since the Pseudomonas lytic system is heat-labile, non-
dializable, and active against isolated cell walls of S. 
aureus, its activity cannot be due to a low molecular weight 
antibiotic or a phage. In fact, the narrow lytic spectrum of 
IVpdc indicates that the activity of this system is predomi­
nantly that of a single enzyme. 
If we assume the presently accepted structure of S. aureus 
wall peptidoglycan to be essentially correct, then the liber­
ation of N-terminal Gly resulting from digestion of Ala ester-
free walls must originate from the cleavage of Gly-Gly and/or 
D-Ala-Gly bonds of the intrapeptide bridges of this substrate. 
The C-terminal Ala which was liberated could, in part, be 
accounted for by an Ala carboxypeptidase-type action. However, 
at pH 8.2 and 8.5 the amounts of C-terminal Ala liberated were 
much much too great to be accounted for by Ala carboxypeptidase 
alone. Moreover, since no N-terminal Glu was detected, the 0-
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terminal Ala was most probably the result of cleavage of the 
D-Ala-Gly bond of the peptidoglycan bridge. Liberation of 
small but significant amounts of N-terminal Ala occurred at 
both pH 7.0 and 8.2; the absence of any detectable C-terminal 
Lys at pH 7.0 and 8.5 indicates that the N-terminal Ala did. 
not originate from the cleavage of L-Lys-D-Ala, although the 
procedure for determination of specific N-terminal amino 
acids (page 4l) would not have detected free amino acids or 
D-Ala-D-Ala. It is probable, therefore, that the N-terminal 
Ala originated from cleavage of some MNAc-L-Ala linkages 
between the peptide and glycan portions of the peptidoglycan. 
Hence the major action of Illpd or IVpdc appears to be 
cleavage of the intrapeptide bridge Gly-Gly and D-Ala-Gly 
bonds of S. aureus peptidoglycan. Since polyglycine bridges 
have been postulated to be characteristic of the genus 
Staphylococcus (Mandelstam and Strominger, 196I), it is 
possible to explain the rather narrow lytic spectrum of 
IVpdc. The fact that certain other microorganisms are lysed 
by IVpdc, though less efficiently than is S. aureus, may in­
dicate the presence of other lytic activity remaining in 
IVpdc, even after extensive purification; the same micro­
organisms were lysed more efficiently by the crude prepara­
tion, lip. The purified system may also contain some N-
acetylmuramyl amidase activity, and the possibility of some 
Ala carboxypeptidase activity cannot be entirely ruled out. 
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However, the action pattern of IVpdc, taken together with 
Its narrow bacteriolytic spectrum clearly indicates that 
the primary basis of its lytic activity is cleavage of Gly-
Gly and D-Ala-Gly linkages in Staphylococcus aureus wall 
peptidoglycan. 
It is interesting to compare IVpdc with other bacter­
iolytic enzyme systems which possess similar action patterns. 
The L-11 system (Kato et al., 1962) has a very definite pH 
optimum of 6.5 against Isolated cell walls of Staphylococcus 
aureus as compared with the broad range of 6.5 to 8.5 observed 
with rVpdc. Moreover, the relative susceptibilities of 
Micrococcus lysodeikticus and. Staphylococcus aureus to lysis 
by these two systems are quite different. The Lysostaphln 
intrapeptide hydrolase (Schindler and Schuhardt, 1964; Browder 
et al., 1965) appears to be most similar to IVpdc with re­
spect to pH optimum and narrowness of lytic spectrum, but 
differs in the relative independence of its activity upon 
ionic strength. 
The lytic system from a species of Gytophaga (page 22) 
contains intrapeptide hydrolase activity capable of breaking 
Gly bridges in walls of Staphylococcus aureus. However, many 
other activities are also present, including one which cleaves 
the Gly-6-Lys bonds of the intrapeptide bridge; further char­
acterization will be necessary before the individual activi­
ties of the Gytophaga system can be compared with IVpdc. 
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The S.A. lytic endopeptidase 1 from culture filtrates of 
Streptomyces albus G (Ghuysen et al., 1965a, 1965b) differs 
from IVpdc in having a relatively sharp pH optimum at pH 
8.8 against isolated cell walls of Staphylococcus aureus. 
Moreover, it is able to effect cleavage of. only 15 to 25 
percent of the polyglycine bridges in these walls. It must 
be admitted that Streptomyces albus G contains many different 
types of activity, both lytic and non-lytic toward cell walls 
of Staphylococcus aureus, and that a proper combination of 
these might give a bacteriolytic spectrum and action pattern 
similar to that of IVpdc. However, the Strpetomyces albus 
system, taken as the complete system, is very different from 
the Pseudomonas system at either stage of purification, 
Illpd or IVpdc. 
103 
SUMMARY 
A. A bacteriolytic system was isolated from culture 
supernatants of a strain of Pseudomonas aeruginosa and its 
•properties studied. 
B. The lytic system was found to be heat-labile, non-
dialyzable and highly basic, being strongly adsorbed on a 
carboxymethyl cellulose column but not adsorbed on a DEAE-
cellulose column. 
C. The bacteriolytic activity was regarded as being enzymatic 
in nature and was purified 500-fold by acetone precipitation, 
followed by DEAE-cellulose fractionation and then column 
chromatography on carboxymethyl cellulose. 
D. The most purified enzyme preparation (iVpdc) lysed cell 
walls of S. aureus strain Copenhagen over a broad pH range 
between 7.0 and 8.5, but with indications of two optima at pH 
7.2 and 8.3. When lysis was measured over a period of several 
hours, there appeared to be only one pH optimum at 7.5. 
E. Lysis of whole cells of S. aureus strain Copenhagen 
occurred with a sharp pH optimum at 8.2. 
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F. Lysis of isolated cell walls of Staphylococcus aureus 
was inhibited by high concentrations of buffers. It was 
also shown that lysis of whole cells was inhibited by high 
buffer concentration and by several divalent cations. Mer-
captoethanol appeared to destroy or to strongly inhibit 
lytic activity, whereas Mg ion greatly stabilized it. 
G. The bacteriolytic spectrum of the Pseudotnonas lytic 
system was studied with both a crude preparation and a 
highly purified preparation. The crude preparation appear­
ed to lyse whole cells of Staphylococcus aureus. Gaffkya 
tetragena, Sarcina lutea and Staphylococcus roseus at 
equally rapid rates, and Micrococcus lysodeikticus at a 
much slower rate; the purified preparation retained its 
ability to effect rapid lysis of Staphylococcus aureus but 
lysed Gaffkya tetragena. Staphylococcus roseus and 
Micrococcus lysodeikticus at much slower rates. Sarcina 
lutea was not lysed by the highly purified preparation; 
isolated cell walls of Micrococcus roseus R27 were lysed 
extremely slowly with lysis not exceeding 25-30 percent 
reduction in turbidity at pH 7.0 or 8.5 even after 36 
hours under conditions identical to those giving rapid 
lysis of Ala ester-free walls of Staphylococcus aureus 
strain Copenhagen. 
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H. Lysis of Ala ester-free walls was studied with two 
lytic enzyme preparations Illpd and IVpdc representing 
different stages in the purification of the lytic system; 
no appreciable differences were observed in the action 
patterns of these two preparations. It v;as concluded on 
the basis of these action patterns at pH 7.0 and 8.5 that 
the major lytic activity of Illpd and IVpdc could be 
accounted for in terms of an endopeptidase splitting the 
intrapeptide polyglycine bridges of Staphylococcus aureus 
cell wall peptidoglycan. 
I. It was concluded that the purified enzyme system studied 
in this investigation differs from other previously reported 
bacteriolytic systems. 
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